The carbon stock associated with tree biomass was estimated in evergreen forests near the town of Inío in Chiloé Island, Chile (43º21' S, 74º07' W), analyzing its relation with biotic and abiotic properties. A total of 14 sampling plots of 20×50 m were located at variable distances from Inío and different elevations, slopes and aspects. At each plot, tree density, incident solar radiation, and spectral vegetation indices were quantified based on LANDSAT satellite data. Total tree carbon stock was estimated for each tree species and in total, using known allometric biomass functions based on the diameter at breast height (DBH), of all the trees in the plot with DBH> 3 cm. Four plots presented post-fire conditions, where tree carbon content had a mean (± SE) 7.7 ± 0.78 Mg ha . After removing the value of one plot with high carbon content, the average was 189.7 ± 45.6 Mg ha -1
INTRODUCTION
Atmospheric carbon dioxide (CO 2 ) concentration increased from 280 ppm (pre-industrial times) to 379 ppm in 2005, whereas the increase in the preceding 8,000 years of the industrial revolution was only 20 ppm (IPCC 2007) . The general increase in greenhouse gases is the result of several factors including demographic growth, socio-economical development and changes in technology (Metz et al. 2005) . Atmospheric CO 2 increase is attributed to global fossil fuel consumption and to the effect of land use change on soils and plants (IPCC 2007) .
Deforestation is defined as the long-term or permanent removal of the forest cover in which land use change is considered a primary cause (IPCC 2000) . The decrease in vegetation implies both an immediate increase and a gradual increase (depending on the final destiny of the logged biomass) in carbon emissions to the atmosphere, as well as a decrease in vegetation cover available for sequestering carbon. Forest ecosystems are the main terrestrial carbon reservoir, as well as the ecosystems with the greatest exchange of carbon between the atmosphere and the soil (Kim Phat et al. 2004) . The amount of carbon in these ecosystems varies as a function of the biome, forest type and the compartment being analyzed (i.e., tree vegetation, necromass, litter layers, soil) (Ajtay et al. 1979 ) and the development stage (Gutiérrez and Huth 2012) .
The potential carbon sequestration of forest ecosystems can be directly determined by using methods that evaluate carbon fluxes at canopy scale in a short period of time, such as eddy covariance and Bowen ratio techniques (Moncrieff et al. 2000) . Nevertheless, such methods are expensive and difficult to be implemented. Another less expensive approach is the comparison of carbon stocks in different times (Goodale et al. 2002 , Schulp et al. 2008 ). In the case of forest ecosystems, the carbon able to be stored is a function of prevailing environmental conditions (e.g. precipitation, vapor pressure deficit, elevation, slope, aspect, soil chemical and physical properties, soil morphology) and natural disturbance regimes (Keith et al. 2009 ). The effect of tree species has also been reported as a significant factor controlling soil carbon stocks in temperate and boreal forests (Vesterdal et al. 2013) . The methods and working scales used for carbon estimation of forest ecosystems are diverse. The most common approach used is the forest inventory, which constitutes the basis for the application of statistical models for estimating above and below-ground biomass. The main restriction of this approach is its high cost, particularly when used in large areas (Brown 2002) ; therefore it is usually complemented with remote sensing techniques and modeling, integrated to geographic information systems that allow estimations at larger spatial scales (Spencer et al. 1997 , Lu 2006 , Zheng et al. 2007 .
The forests of Chiloé differ from similar continental forests due to a particular combination of more hygrophytic plant species in which the Myrtaceae family dominates (Villagrán et al. 1986 ). In addition, Chiloé forests are of particular interest due to the confluence of floristic elements from both the Valdivian (e.g. Aetoxicon punctatum (Ruiz et Pav.), Amomyrtus meli (Phil.) D. Legrand et Kausel) and subantarctic (e.g. Euphrasia antarctica, Pratia repens, Deschampsia laxa) forests (Villagrán et al. 1986 ). Historically, extensive areas of native forest ecosystems of Chile have been altered by human activities (e.g., forest fires, land use change, selective tree cutting) (Altamirano and Lara 2010, Castillo et al. 2012) . In this regard, the southern part of Chiloé Island was declared a priority site for conservation of biodiversity (Chaiguata Priority Site) by the National Commission of Environment, also because it is the habitat of the largest population of Lontra provocax (Southern river otter) and many amphibian species (CONAMA 2002) . Although this area possesses high species diversity, their forest ecosystems are not well represented in the National Wildlife Protection System of the Chilean State (SNASPE) (Squeo et al. 2012) . Private initiatives have counterbalanced this lack of representation, creating a relatively new conservation park: Tantauco. This park includes an important extension of the Chaiguata Priority Site, in which pristine forest ecosystems as well as burned and logged forests are found. This mosaic of forest patches with different structural characteristics has not been evaluated in terms of their actual carbon stocks.
Given the ecological importance of these types of forests and the lack of information about the amount of carbon stored in these ecosystems, we hypothesized that carbon estimations can be developed from topographic and satellite spectral parameters, considering also the anthropogenic influence in the landscape (i.e., closeness of forests to human populated areas). We aimed at: 1) measuring the carbon stock of coihue de Chiloé (Nothofagus betuloides)-tepa (Laureliopsis philippiana) forest stands and, 2) determining the relationship between biotic (e.g. tree density) and abiotic variables (e.g. elevation, solar radiation, spectral parameters) with the amount of tree carbon. These two objectives were accomplished by installing a set of plots near the village of Inío, where abiotic characteristics and vegetation structure data were collected. The tree carbon stock was determined using individual biomass functions (tree biomass as a function of its diameter) that were applied to density data of each plot. Carbon stocks were then correlated to the abiotic and biotic parameters.
METHODS
Study area. The study was conducted in Tantauco Park, located in the southern end of Chiloé Island (figure 1), which has a total area of 118,000 ha. The study area was near the village of Inío According to Gajardo (1994) , the vegetation in the study area is classified as Evergreen Forests and Wetlands. According to Corporación Chile Ambiente (2005) and using Cajander's forest type classification (Cajander 1926 , Donoso 1981 , the most representative forest type of the area is Chiloé coihue (Nothofagus nitida (Phil.) Krasser) -tepa (Laureliopsis philippiana (Looser) Schodde), which covers about 31.4 % of the area (37,000 ha). Accompan- A total of 14 sampling plots of 1,000 m 2 (20×50 m) were located to capture the variability of the abiotic properties elevation, slope, aspect and distance from Inío village. We expected the distance from human population to show the magnitude of perturbation, i.e., the closer to Inío (located by the ocean), the higher the perturbation of forest ecosystems and the lower the tree biomass. Table 1 . Specific and general equations of aboveground biomass (Bab) as a function of diameter at breast height (DBH) and the percentage of belowground biomass, for tree species of the evergreen forest of the Coastal Mountain Range of Chile, from Gayoso et al. (2002) .
Ecuaciones de biomasa aérea generales y específicas en función del diámetro a la altura del pecho (DBH) y el porcentaje de biomasa subterránea, de Gayoso et al. (2002) . Estimation of live tree carbon stock. In each plot, the diameter at breast height (DBH) of all live trees (DBH > 3 cm) was measured. Aboveground tree biomass was estimated using allometric functions developed by Gayoso et al. (2002) , which estimate tree biomass (kg) based on DBH, for five species present in our study (N. nitida, D. winteri, L. philippiana, tineo (Weinmannia trichosperma (Cav.) , and mañío macho (Podocarpus nubigenus Lindl.) (table 1) . For the rest of the species or trees with DBH outside the range of the specific functions, we used a general biomass function for the evergreen forest of the Coastal Mountain Range of Chile (Gayoso et al. 2002) (table 1) . For the estimation of belowground biomass (i.e. tree roots), we followed the aboveground/belowground biomass ratios determined by Gayoso et al. (2002) specifically reported for five species of our study, and a mean conversion value of 28.69% for the rest of the species (table 1) . In order to transform above and belowground tree biomass to carbon weight, we used the conversion values estimated by Gayoso et al. (2002) (table 1) . These conversion values ranged between 43 and 46 %, which are lower than the 50 % proposed as a standard by IPCC (1996) . The total carbon content from the tree biomass reservoir was estimated by adding together the above and belowground biomass.
Sampling and calculation of biotic and abiotic properties.
Among the abiotic properties, elevation, slope and aspect were directly obtained from a 30 m ground resolution AS-TER GDEM, Digital Elevation Model, freely available at http://www.gdem.aster.ersdac.or.jp/. Potential global solar radiation (kW h -1 m -2 ) was computed with the 'solar analysis' tool of the ArcGIS 10.1 software (ESRI, USA). This tool is able to map potential solar global radiation as a function of the solar constant, day length, latitude, longitude, slope and aspect, using a digital elevation model (DEM). The radiation value was calculated for each day of the year, estimating then the annual radiation in MJ m -2 year -1 . Northing, which is the linearization of the aspect, was defined as the cos (aspect*π/180). The variable 'distance to Inío' was estimated using algorithms of the Arc-GIS 10.1 software; determining the central points of each sampling plot and the center of Inío village as the origin. For the calculation of spectral variables, we used the normalized vegetation index (NDVI, Rouse et al. 1973) , the corrected normalized vegetation index (NDVIc, Nemani et al. 1993 ) and the red green index (GreenIndex, Coops et al. 2006) . Additionally, the Tasseled cup transformation (Crist and Cicone 1984) was computed, since it allows the use of spectral information obtained from the visible, near-infrared, and medium-infrared spectra of the LANDSAT ETM+ satellite sensor. Greenness, Wetness, and Brightness indices were obtained with the Tasseled cup transformation (Kauth and Thomas 1976) . All indices were calculated from two scenes captured on February 2 and 18 of 2008 with 30 m of ground spatial resolution. Radiometric and atmospheric corrections of the LANDSAT images (Chavez 1988) were made previous to estimating the indices. The coefficients used for calculating reflectance were obtained from the study of Chander et al. (2009) . To correct the SLC-off error, both images were fused using the method of Scaramuzza et al. 2004 . The reflectance bands were also used to obtain the Tasseled Cap transformation and the vegetation indices. Satellite image processing was made with the ENVI 5.0 software. The biotic properties sampled were total tree density and the carbon content associated with individual tree species that were found in all plots.
Statistical analyses. We built linear regression models to estimate total tree carbon content (Mg ha -1 ) from abiotic and biotic predictors measured at the plot level. To select the group of variables that better explained the total tree carbon, we used a multiple regression analysis with the stepwise forward approximation (P < 0.05 to enter the model). All models reported were tested using the GVLMA package of the R software (Pena and Slate 2006) , which does a global validation of linear model assumptions. Also, the R 2 , P-value and the relative root mean square error (RRMSE) parameters of the selected models were estimated, and a Leave-One-Out Cross Validation was performed for the linear models using the Bootstrap package of the R software (Efron and Tibshirani 1993) . Partial R 2 was estimated for each variable in the case of multivariate models. All statistical analyses were done with the R statistical software (R Development Core Team 2011).
Characteristics of plots and modeling scenarios. Sampling plots were located at a distance from Inío between 400 and 5,110 m (table 2). Elevation varied between 11 and 232 m a.s.l., whereas the slopes ranged between 0 and 46.3 o . Mo- ).
deled incident solar radiation varied between 3,098 and 3,883 MJ m -2 year -1 . Given the fact that we estimated the Mean ± SD of the variables included in table 2 using a 500 m radius around the plot center points, it is clear that our plots included the extreme values of a 95 % confidence interval. Elevation had a mean ± SD of 67 ± 66.9 m a.s.l, whereas slope was 8.4 ± 6.9° and the solar radiation was 3,514 ± 245MJ m -2 year -1 . The northing varied between -0.91 and 0.97.
Tree density seriously varied, between 510 and 3,450 individuals ha -1 (table 3) , which suggested that the plots represented different stages of development of the forest. We used Reineke's model to establish if all plots followed this density-size model, which states that as trees get larger, tree density decreases. We plotted tree density and quadratic mean diameter of each plot (figure 2), together with Reineke's model reported by Gezan et al. (2007) for coihue (Nothofagus dombeyi (Mirb.) Oerst.). Four plots clearly deviated from the expected value, which coincides with lands previously altered by forest fires; therefore a low density and low quadratic mean diameter is expected. Hereafter we refer to these plots (N° 7, 8, 11, 12) as having a 'post-fire' condition, to differentiate them from the 'unburned' ones (table 2). ). The identification number of each plot is included in the graph.
Relación del diámetro cuadrático medio (QMD) con la densidad de árboles (D) en cada parcela. La línea representa la relación reportada por Gezan et al. (2007) para N. dombeyi (D = e 11,7630 *CMD -1,4112 ). La identificación del número de la parcela se incluye en el gráfico.
A total of 14 tree species were identified in the sampled plots (table 3) . Only N. nitida and D. winteri had a 100 % frequency, whereas Amomyrtus meli (Phil.) D. Legrand et Kausel and C. paniculata were found in 78.6 and 85.7 % of the sampled plots, respectively. On the contrary, Luma apiculata (DC.) Burret and Aextoxicon punctatum (Ruiz et Pav.) were only found in one of the plots. Floristic composition varied among plots, although N. nitida and D. winteri were present in all of them and usually very abundant (table 3). In the post-fire condition, W. trichosperma and tepú (Tepualia stipularis (Hook. et Arn.) Griseb.) were among the most frequent species, although in the unburned sites, L. philippiana, A. meli and C. paniculata showed relatively high density.
For these reasons we generated two scenarios for the analyses of tree carbon and its relationship with abiotic and biotic variables: A, excluding the four post-fire plots (N = 10); and B, considering all the plots (N = 14). Additionally, because there was one plot showing an extremely high tree carbon content, we generated a third scenario (C), excluding this one plot (N = 13).
RESULTS
Total and species-specific carbon content. Total carbon content in the above and belowground tree biomass varied between 5.5 and 1,408 Mg ha -1 (table 4) . The average carbon content of the sites affected by fire was 7.7 Mg ha , being significantly higher than that from the post-fire condition plots (P = 0.002).
In terms of individual contribution of tree species to the carbon stock, the major contribution was made by N. nitida (figure 3). Only in two of the 14 sampled plots, the major contribution to the carbon stock was made by D. winteri. A significant contribution to carbon stocks was also made by L. philippiana, T. stipularis, and A. meli in some of the sampled plots (N° 5, 10, and 14) . The contribution of the other tree species to the carbon stock (as a group) was lower than 4 %.
Modeling total carbon using abiotic and biotic variables. Table 5 shows the simple and multiple regression analyses that significantly explained total carbon of tree biomass, for the three analysis scenarios. In scenario A (excluding the post-fire plots), the distance to Inío had a significant effect on total tree carbon content. The distance was also the only variable selected with the stepwise procedure run with abiotic variables, with R 2 _adj = 0.54. In scenario B (including all the plots), only the biotic variables showed a significant effect on total tree carbon content, and carbon of N. nitida was the variable that had the highest R 2 _adj (0.96) of N. nitida 0.98, partial R 2 of density 0.34). In scenario C (excluding plot 13) a higher number of variables showed significant relation with the total tree carbon, but carbon of N. nitida and overall density collectively predicted total carbon with highest power (R 2 _adj = 0.88; table 5) (Partial R 2 were 0.88 for N. nitida and 0.25 for density).
In terms of the spectral variables derived from satellite images, only the GreenIndex had a significant contribution to total carbon modeling. Using the stepwise process, the model generated with this index (together with the distance to Inío) gave an R 2 _adj of 0.69 (Partial R 2 were 0.56 for Distance to Inio and 0.44 for Greenindex) (table 5) . Elevation showed a significant inverse effect only in this modeling scenario (C).
Of the biotic variables, tree density had a quadratic effect in scenarios A and C (table 5). The carbon content of individual tree species could only be considered in the case of D. winteri and N. nitida because they were present in all the plots. The carbon content of D. winteri was significant only on scenario C, whereas the carbon content of N. nitida had a significant relation with the total tree carbon stock in all the modeling scenarios (table 5) , even when all the plots were included (scenario B) (figure 4). Contribución porcentual de carbono por especie en cada parcela. El gráfico superior muestra la contribución de las dos o tres especies que suman 65 % o más; el gráfico inferior muestra la contribución del resto de las especies. Las parcelas incendiadas son 7, 8, 11 y 12.
DISCUSSION
We found large variability of tree species composition and tree carbon content among the sampled plots, which suggested that they represent different successional stages. In general, biotic variables showed a better predictive value of the total tree carbon stock.
We used five specific allometric functions and a general function for the rest of the species present in our study, which were proposed by Gayoso et al. (2002) (table 1) to estimate total carbon. The only allometric model that we found in literature specifically built in Chiloé was reported by Naulin (2002) for D. winteri (DBH range: 7 -32 cm). We used the DBH data from Naulin (2002) to test the agre- Table 5 . Simple and multiple regression models for estimating the total tree carbon (CT) based on abiotic and biotic variables, for scenarios A (excluding the post-fire condition plots, N =10), B (including all the plots, N =14) and C (excluding plot 13, N =13). a Modelos de regresión simples y múltiples para estimar carbono arbóreo total (CT), basado en variables abióticas y bióticas para los escenarios A (excluyendo las parcelas con condición post-incendio, N=10), B (con todas las parcelas, N=14) y C (excluyendo la parcela 13, N=13). Carbono total observado vs predicho, para las 14 parcelas muestreadas, basado en el carbono de N. nitida. ement between her model and Gayoso et al.'s and the result was an almost perfect linear relation (slope = 1.0053, R 2 = 0.98, N = 15). This suggests that using the models of Gayoso et al. (2002) in Chiloé in other areas is reasonable, having the advantage that their models cover a wider range of DBH (e.g., for D. winteri model, DBH range: 6 -52 cm).
The abiotic variables showed a low predictive value of total tree carbon. Significant models showed that a larger total tree carbon was related to lower altitudes and higher distances to Inío (table 5), although the latter result applied only when we removed the burned sites, which happened to be located farther from the village (table 1) . Total solar radiation did not have a good predictive value, possibly due to the low variation in topography in the study area, as a result of low variability in altitude (11-232 m) and slopes (0-46.3°), which in turn generated a low variation in annual solar radiation (3,098 -3,883 MJ m -2 year -1 ). Kumar et al. (1997) for example found a broader range of annual solar radiation for a site located at latitude 36° south (3647 -11,253 MJ m -2 year -1 ), with similar variation in slope (0-40°) but higher variation in altitude (90-800 m). If we consider that the calculations of incident radiation include shortwave radiation only, the effects of highly frequent cloudy days in our study area should further decrease the expected effect of latitude and slope on solar radiation. Despite the fact that various studies have demonstrated the importance of satellite images in biomass modeling (Zheng et al. 2004 , Labrecque et al. 2006 , Ji et al. 2012 , the spectral characterization of satellite images was not relevant in this study. A potential explanation would be linked to the floristic composition of the studied sites, where N. nitida is the tree species that defines the total biomass of the forest. Spectral indexes are based in the spectral response of vegetation between the red and near infrared wavebands. With the high levels of biomass in the studied sites, there is a high probability that conventional spectral indexes were saturated, thereby impeding the detection of spectral differences (Hobbs 1995) . The GreenIndex, derived from the red and green reflectance, was the only spectral variable that showed a significant statistical relation with the tree carbon stock. A possible explanation is because it considers the green spectrum instead of the near infrared band in the index formulation. According to Gitelson et al. (2010) , in order to detect changes based on reflectance measurements in dense canopies, the normalization considering the green band instead of the near infrared band (used in the other indices), should be more sensitive to detect changes in reflectance, allowing a better discrimination of vegetation conditions related to the chlorophyll activity. Further studies should consider the use of remote sensing techniques capable of estimating more detailed spectral information, such as hyperspectral sensors or vertical information of the vegetation (e.g., LiDAR sensors). In this regard, several studies have predicted total biomass estimation with acceptable accuracies (Koch 2010, Gleason and Im 2012) . In our case, an issue that may have influenced in the low predictive value of the spectral indices is the confounding effect of dead biomass on the spectral signature of the forest stands.
The high contribution of N. nitida to the total tree carbon content when considering all the plots (R 2 _adj = 0.96) implies that the most simple and practical model for total tree carbon determination would only require determining DBH of this species, which holds true even in the post-fire plots. The contribution of N. nitida is better appreciated in the sites with high tree carbon content, which represent forest stages near maturity (old growth), where mature individuals (high DBH and biomass) of N. nitida occupy a dominant canopy position.
Total tree carbon stock in the unburned sites (table 4) was in the range reported in literature for different types of forest ecosystems (table 6). The only exception to this trend was found in plot 13 that contained 1,408 Mg ha -1 of carbon. This unexpected high value is due to the presence of two N. nitida individuals with DBH around 140 cm; these two trees accounted for 90 % of the total carbon stock of the sampling plot (figure 3). For comparison purposes, we estimated the total tree carbon separately for those plots that did not have a fire history (N = 10), the second set considered all the remaining plots (N = 14) and the third excluded one plot because of its high carbon content (N = 13); total carbon contents were in average (± standard deviation) 7.7 ± 0.78, 384.4 ± 120, 189.7 ± 45.6 Mg ha -1 , respectively. When the elevated carbon content of one plot was excluded from the analyses, the mean total carbon content was still high when compared with the forest ecosystems that we reviewed and very similar to what Vann et al. (2002) reported for a forest in Chiloé island (table 6). The tree carbon stock represents between 32 % and 79 % of the total carbon stored in the forest ecosystems (table 6 ). The evergreen forests of Chiloé have an elevated carbon storage capacity; thereby their conservation is highly relevant. More detailed studies about the other carbon storage reservoirs (i.e. soils, understory and necromass) will contribute to a better understanding of carbon storage and dynamics in these ecosystems.
